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Sulfur (S) encapsulated in porous carbon nanofibers (CNFs) was synthesized via electrospinning,

carbonization and solution-based chemical reaction–deposition method. The chemical reaction–

deposition strategy provides intimate contact between the S and the CNFs. This would not necessarily

be the case for other reported methods, such as ball milling and thermal treatment. These novel porous

carbon nanofiber–sulfur (CNF–S) nanocomposites with various S loadings showed high reversible

capacity, good discharge capacity retention and enhanced rate capability when they were used as

cathodes in rechargeable Li/S cells. We demonstrated here that an electrode prepared from a porous

CNF–S nanocomposite with 42 wt% S maintains a stable discharge capacity of about 1400 mA h g�1 at

0.05 C, 1100 mA h g�1 at 0.1 C and 900 mA h g�1 at 0.2 C. We attribute the good electrochemical

performance to the high electrical conductivity and the extremely high surface area of the CNFs that

homogeneously disperse and immobilize S on their porous structures, alleviating the polysulfide shuttle

phenomenon. SEMmeasurements showed that the porous CNF structures remained nearly unchanged

even after 30 cycles’ discharging/charging at 0.05 C.
Introduction

Lithium (Li) secondary cells have become one of the most

important and efficient devices for storage of electrical energy

generated from renewable sources such as solar and wind. A

breakthrough in novel electrochemically active materials and

new redox concepts is still urgently required to create future
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Broader context

Compared with conventional lithium ion cells, the lithium/sulfur

energy. Considering the abundance of sulfur, the rechargeable lithiu

vehicles and grid-scale energy storage applications. To meet the req

there is an urgent need to develop a novel and nanostructured sulf

sulfur electrodes, which include the insulating nature of elemental su

the organic solvent-based electrolytes. In the current study, we emplo

decorated carbon nanofibers and evaluated their electrochemical be

ionic liquid-based electrolyte. It was demonstrated that the new na

improved cycle life, even at high discharge/charge rates.

This journal is ª The Royal Society of Chemistry 2011
batteries with dramatically increased energy/power density to

meet the requirements of large-scale energy storage devices.1–6

Sulfur (S) is a promising electrode material for Li secondary

cells and has attracted attention due to its high theoretical

specific capacity of 1675 mA h g�1 and high theoretical specific

energy (with a Li electrode) of about 2600 Wh kg�1.7–17 In

addition, S is inexpensive, abundant, non-toxic and environ-

mentally benign.7–17 Therefore, Li/S cells have the potential to

replace most other rechargeable Li cells.7–17 Unfortunately, the

Li/S cell still faces several serious challenges, including low

utilization of active material (S), low coulombic efficiency and

rapid capacity loss on repeated discharging/charging. These

problems are traceable to the low electronic conductivity (insu-

lating nature) and the high tendency to dissolve in organic

solvent-based electrolytes of the long chain polysulfide ions

which are formed during the continuous discharge/charge

processes, and the accompanying ‘‘shuttle’’ phenomenon, which
cell has much higher theoretical specific capacity and specific

m/sulfur cell should have great potential for low-cost electrical

uirement of long cycle life and high rate performance, however,

ur electrode that can overcome the intrinsic limitations of bulk

lfur and the high solubility of the long chain polysulfide ions in

yed a novel strategy to fabricate electrochemically active sulfur-

havior as electrodes in rechargeable lithium/sulfur cells using an

nocomposite sulfur electrode has high reversible capacity and
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results in corrosion of the Li and increases the internal resistance

of the cell.7–13,16–25

The research and development efforts to enhance Li/S cell

performance have been focused on, firstly, fabricating porous

carbon–S nanocomposites10,11,13,16,18–20,26–32 or preparing con-

ducting polymer–S composites.33–35 Here, the porous carbon and

conductive polymer act as electronic conductor and absorbing

agent to improve the electrical conductivity and to restrict the

dissolution of polysulfides in the electrolytes at the same time.

Secondly, using some alternative electrolyte (including mixed

electrolytes), or electrolyte modifications (such as adding some

ceramic nanoparticles, or additives to the electrolyte). Novel

electrolytes such as room temperature ionic liquids which have

wide electrochemical stability windows, low volatility, good

thermal and chemical stabilities, and are also environmentally

benign, can decrease the solubility of polysulfides, increase the

ionic conductivity, and lower the viscosity at the same time.36–44

The use of additives in the electrolyte (including electrolyte

modifications) can enhance the ionic conductivity, mitigate the

problem of polysulfides dissolving in electrolytes, and increase

the interfacial compatibility with metallic Li.44–46 Thirdly, using

some new binders, which have high adhesion ability for bonding

the electrode materials to the current collector, good ionic

conductivity, as well as low solubility in the organic electrolytes

result in a decrease in the cell resistance.47,48

In this work, we load elemental S into porous carbon nano-

fibers (CNFs) and prepare a porous carbon nanofiber–sulfur

(CNF–S) composite electrode material for rechargeable Li/S cells

(Fig. 1 shows a schematic diagram of the steps for synthesizing

the porous CNF–S nanocomposite and evaluating the electro-

chemical performance of these nanocomposite-based cathodes in
Fig. 1 Schematic illustration of the experimental procedures. (a) Carbonizi

CNFs; (b) incorporating S into the porous CNF nanostructure via solution-

thermal treatment of the as-formed porous CNF–S nanocomposites to remo

trochemical performance of the thermally treated porous CNF–S nanocomp

5054 | Energy Environ. Sci., 2011, 4, 5053–5059
rechargeable Li/S cells). Here, porous CNFs are prepared by the

low cost, simple and environmentally benign electrospinning

technique and the subsequent carbonization process, which have

been popularly used to fabricate electrodes for lithium-ion

batteries, fuel cells, etc.49–56 The S is readily incorporated into the

porous CNF’s via the chemical solution reaction–deposition

strategy using S-containing precursors.57 The porous CNFs with

high electronic conductivity and excellent mechanical strength

can establish more intimate electronic contact between S and the

current collector, and so improve S utilization. These linear,

long, and interconnected porous CNFs with very high surface-

to-volume ratios and various kinds of pore volumes (see Table S1

in the ESI†) can encapsulate a large amount of S in the pore

structure. The porous CNF’s can also play the role of strong

absorbent to retain polysulfides and reduce their dissolution into

the electrolyte. In addition, those porous CNFs provide an

effective electronic conduction path and their network-like

structure forms a stable structure of the S electrode.58
Experimental procedures

Chemicals

Polyacrylonitrile (PAN) (average Mw 150 000, Aldrich), poly

(methyl methacrylate) (PMMA) (averageMw 120 000, Aldrich),N,

N-dimethylformamide (DMF) (anhydrous, 99.8%, Aldrich),

sodium sulfide (Na2S) (anhydrous, Alfa Aesar), sublimed S powder

(99.9%, Mallinckrodt), formic acid (HCOOH) (88%, Aldrich), N-

methylpyrrolidone (NMP) (anhydrous, 99.5%, Aldrich),N-methyl-

N-butylpyrrolidinium bis(trifluoromethanesulfonyl) imide

(PYR14TFSI, $98.0%, Aldrich), poly(ethylene glycol) dimethyl
ng electrospun PAN/PMMA bicomponent nanofibers to obtain porous

based chemical reactions to obtain porous CNF–S nanocomposites; (c)

ve S outside of the pores; (d) assembling Li/S cells to evaluate the elec-

osite electrodes.

This journal is ª The Royal Society of Chemistry 2011
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ether (PEGDME, Mw ¼ 250, Aldrich), and lithium bis(tri-

fluoromethylsulfonyl)imide (LiTFSI, 99.95%, Aldrich) were used

without further treatments.
Preparation of PAN/PMMA nanofibers59

PAN and PMMA blends were prepared by dissolving 10 wt%

total PAN/PMMA bicomponent polymers at a mass ratio of 1 : 1

in DMF solvent at 60 �C under constant stirring for at least 24

hours, followed by ultrasonic treatment (FS20H Sonicator,

Fisher Scientific) for another 2 hours. Finally, strong mechanical

stirring was applied for further 24 hours in order to obtain

a homogeneous PAN/PMMA solution. A variable high voltage

power supply (Gamma ES40P) was used to provide a high

voltage (�12.5 kV) for electrospinning. The flow rate and tip-

collector distance were fixed at 1 ml h�1 and 15 cm, respectively.

The positive terminal of the high voltage power supply was

connected to the needle tip. The grounded electrode was con-

nected to a metallic collector wrapped with aluminium (Al) foil.

Dry nanofibers were accumulated on the collection plate as

a fibrous web that was mechanically removed from the sup-

porting Al foil.
Preparation of porous CNFs

The carbonization of the PAN/PMMA precursor nanofiber webs

was performed in an atmosphere-controlled tube furnace. First,

the electrospun PAN/PMMA nanofibers were stabilized at

280 �C in air environment for 6 hours. In this process, thermo-

plastic PAN was converted to a non-plastic cyclic or ladder

compound,49–56,59 while PMMA melted.59 The temperature was

then increased from 280 �C to 1000 �C in high-purity argon (Ar)

and held for 8 hours in order to complete the carbonization

process.59 In the PAN/PMMA blended nanofibers, PAN serves

as the carbon precursor,49–56,59 and PMMA acts as the pore

generator.59 PMMA phase-separates from PAN during electro-

spinning and decomposes to form pores during the carbonization

of PAN. This procedure allows the direct elimination of PMMA

during the PAN carbonization step, creating porous CNFs

without the use of additional chemical treatment. As a result, the

fabrication of these porous CNFs is simpler and faster than

many other methods.
Preparation of sodium polysulfide solution57

0.58 g of Na2S was added to a flask that has been filled with 25 ml

distilled water to form a Na2S solution. Then 0.72 g of elemental

S (sublimed S power) was suspended in the Na2S solution and

stirred with a magnetic stirrer for about 2 hours at room

temperature. The color of the solution changed slowly from pale-

yellow to orange with the dissolution of S, and a sodium poly-

sulfide (Na2Sx) solution was obtained following the reaction:57

Na2S + (x � 1) S / Na2Sx
Synthesis of porous CNF–S composites

The novel porous CNF–S composites were prepared by a chem-

ical deposition method in an aqueous solution following the

reaction:57 Sx
2� + 2H+ / (x � 1) S + H2S.
This journal is ª The Royal Society of Chemistry 2011
The sublimed S powder and Na2S were dissolved in deionized

water to form a Na2Sx solution as described above. 375 mg of

porous CNFs was suspended in 375 ml of NMP and sonicated at

50 �C for 5 h to form a stable porous CNF dispersion. Then, the

above-synthesized Na2Sx solution was mixed into the porous

CNF dispersion in the presence of surfactant cetyl trimethy-

lammonium bromide (CTAB). After 2 hours’ sonication and

dispersion, these blended solutions were titrated into a 2 mol l�1

HCOOH solution.57 The formed CNF–S precipitate was filtered

and washed with acetone and distilled water several times in

order to eliminate salts and impurities. Finally, these rinsed

samples were dried at 50 �C in a drying oven for at least 72 hours.

Thermal treatment of porous CNF–S composites

The as-synthesized porous CNF–S composites were thermally

treated in an Ar environment at 155 �C for 12 h. In order to

further decrease the S content, some of the thermally treated

samples were further treated at 160 �C for another 6 h.

Cell assembly and testing

The CNF–S electrodes were prepared by mixing the porous

CNF–S composites (including the thermally treated and non-

treated porous CNF–S composites), carbon black, and poly-

vinylidene difluoride (PVDF) at a weight ratio of 70 : 20 : 10 in

NMP solvent to form a slurry. The resultant slurry was

uniformly spread onto pure aluminium foil using a doctor blade,

and dried at 50 �C for 72 hours. CR2032-type coin cells were

fabricated by sandwiching a porous polypropylene separator

(Celgard 3501, Hoechst Celanese) between the CNF–S electrode

and Li metal foil (Cyprus Foote Mineral, 99.98%, USA) in

a high-purity Ar-filled glove box. The electrolyte used was 1 M

LiTFSI salt per kg of PYR14TFSI + PEGDME in a 1 : 1 weight

ratio. Cyclic voltammogram (CV) measurements were performed

on an AQ4 Gamry Reference 600 electrochemical workstation

using a voltage range of 1.0 to 3.6 V vs. Li/Li+ at a scan rate of

0.05 mV s�1. Galvanostatic discharge and charge cycling of the

Li/S cells was conducted using an Arbin automatic battery cycler

(BT-2000) at several different rates between cut-off potentials of

1.0 and 3.0 V.

Materials characterization

The samples were characterized using scanning electron

microscopy (SEM: Zeiss Gemini Ultra-55), transmission electron

microscopy (TEM: Jeol 2100F), energy dispersive X-ray spec-

troscopy (EDX), thermogravimetric analysis (TGA), X-ray

diffraction (XRD) (Diffraktometer D500/501, Siemens), a Bru-

nauer–Emmett–Teller surface area analyzer (BET,Micromeritics

ASAP2020), and a Hall effect measurement system (HMS-5000).

Results and discussion

Fig. 2a–f show SEM images of pure porous CNFs and the

porous CNF–S nanocomposites with different S contents after

thermal treatments. The pure porous CNFs (Fig. 2a and b)

obtained by carbonization of the homogeneous and long elec-

trospun PAN/PMMA bicomponent nanofibers (Fig. S1†)

contain a large amount of voids which are also clearly shown in
Energy Environ. Sci., 2011, 4, 5053–5059 | 5055
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Fig. 2 SEM images of (a and b) porous CNFs; (c and d) porous CNF–S

nanocomposites thermally treated at 155 �C for 12 h; and (e and f) porous

CNF–S nanocomposites thermally treated in Ar at 155 �C for 12 h, then

at 160 �C for 6 h.

Fig. 3 TEM images of (a and b) porous CNFs; (c and d) porous CNF–S

nanocomposites thermally treated at 155 �C for 12 h; and (e and f) porous

CNF–S nanocomposites thermally treated in Ar environment at 155 �C
for 12 h, then at 160 �C for 6 h.
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the corresponding TEM images in Fig. 3a and b (the large

surface area and pore volume are also shown in Table S1 of the

ESI†). After the chemical reaction between Na2Sx and HCOOH

in the porous CNF-containing microemulsion system, S nano-

particles deposited in the pores of the CNFs. Because of the large
5056 | Energy Environ. Sci., 2011, 4, 5053–5059
amount of S present, it is unavoidable that some S can also be

deposited outside of the pores or attached to the outer surface of

the fibers. As a result, the as-prepared porous CNF–S nano-

composites display a non-uniform surface morphology with

a convoluted and irregular structure (see SEM images in

Fig. S2†) and a high S content of about 76 wt% which denoted

full saturation of the micropores (see TEM images in Fig. S3†).

In addition, the as-formed porous CNFs are normally several

microns long, which may result in discontinuous S loading in

some cylindrical pores.7,26,58 In order to increase the S incorpo-

ration into the pores while decreasing the amount of S attached

to the fiber surface, the as-prepared porous CNFs–S composite

was firstly ball milled to shorten the nanofiber length and then

thermally treated at two different temperatures for different

times. The corresponding XRD spectra observed from the

initially synthesized porous CNF–S nanocomposites and the

thermally treated samples are shown in Fig. S4†. The sharp

diffraction peaks denote that monoclinic S particles exist in

a crystalline state in all of the porous CNF–S nanocomposites

before and after the thermal treatments at different tempera-

tures,57 which are completely different from the XRD pattern of

pure CNFs (Fig. S5†). The XRD results also indicate that

a portion of the monoclinic sulfur particles are still crystallized

on the outer surface of the porous CNFs even after thermal

treatment at 155 �C for 12 h, and at the higher temperature of

160 �C for another 6 h.

During the initial thermal treatment at 155 �C for 12 h, part of

the bulk S on the external surface of the porous CNFs can melt

and diffuse into the pores of the CNFs due to their strong

adsorption effects and the high surface areas. As a result, the

heat-treated porous CNF–S nanocomposites exhibit a smooth

outer surface (Fig. 2c and d). These results indicate that nearly all

of the open pores were filled with sulfur (see the TEM images in

Fig. 3c and d and the carbon and S elemental maps in Fig. S7a–f†

which clearly demonstrate that the S has indeed filled in the pores

of the CNFs; also see the surface area and pore volume changes

in Table S1 of the ESI†). The TGA results indicate that these

thermally treated samples contain about 60 wt% S (Fig. S6†).

Further thermal treatment at 160 �C for another 6 h decreased

the S content to about 42 wt% (Fig. S6†). The corresponding

SEM images in Fig. 2e and f show an uneven surface and

undulating surface morphology, and indicate the presence of

long, thin interior pores because of the partial evaporation of S

from the CNF surfaces or the shallow pores when they were

further thermally treated at 160 �C (see the TEM images in

Fig. 3e and f, and the corresponding surface area and pore

volume values in Table S1 of the ESI†). The residual pore volume

in the nanocomposites can provide pathways for electrolyte/Li+

entrance and accommodate the active mass volume expansion/

contraction during cycling.10,11

The thermally treated porous CNF–S nanocomposites with S

contents of about 42 wt% and 60 wt% as well as the initially

synthesized porous CNF–S nanocomposites before thermal

treatment (about 76 wt% S content) were used to prepare elec-

trodes for rechargeable Li/S cells. Fig. 4a presents the CV curves

of the porous CNF–S nanocomposite with 42 wt% S. This

material shows twomain cathodic peaks at about 2.4 and 1.8 V in

the first cycle, which can be attributed to the change of S to Li

polysulfides and the further reduction of higher-order Li
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 (a) CV curve of a porous CNF–S nanocomposite electrode at

a 0.05 mV s�1 scanning rate; (b) galvanostatic charge/discharge profiles of

a porous CNF–S nanocomposite electrode at 0.02 C rate; (c) cycling

performance of a porous CNF–S nanocomposite electrode at a constant

rate of (c) 0.05 C and (d) 0.1 C, after an initial activation processes at 0.02

C for 2 cycles; (e and f) reversible capacity vs. current density (rate

capability) for porous CNF–S nanocomposite electrodes. All the cells

were cycled in the potential window from 1.0 to 3.0 V. The porous CNF–

S nanocomposite electrodes were thermally treated in Ar environment at

155 �C for 12 h, then at 160 �C for 6 h. The S content is 42 wt% in the

CNF–S nanocomposite (the overall S content, including additives and

binders in the electrode is about 29.4 wt%).
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polysulfides to Li sulfides, respectively.8,10,13,19,20,26,31,36,38,47,60 In

the first anodic scan, the two expected oxidation peaks overlap

and form one large peak at about 2.55 V. This overlap may be

because of high overvoltage for conversion of Li2S to Li poly-

sulfide.19 In the subsequent scans, the main reduction peaks are

shifted to higher potentials and the oxidation peaks to lower

potentials, indicating an improvement of reversibility of the

electrode with cycling. In addition, as the cycle number

increased, it is observed that the oxidation peak at 2.55 V

becomes less significant, while another new one at 2.4 V grows

higher in intensity. There is also another new reduction peak at

around 2.1 V. The CV results indicate that our porous CNFs

have an excellent conductive structure in which the electro-

chemically active S is well dispersed and in good contact with the

carbon matrix. The porous carbon matrix also has a strong

adsorbing ability to suppress the dissolution of the polysulfides

into the electrolyte during the discharge/charge process.

In order to further investigate the electrochemical performance

of the porous CNF–S nanocomposite with 42 wt% S, we carried

out galvanostatic cycling performance and rate capability
This journal is ª The Royal Society of Chemistry 2011
evaluations in coin cells with Li metal as the anode. All of the

capacity values in this article are calculated according to the mass

of S. The typical discharge/charge profiles for the initial two

cycles at the 0.02 C rate (1 C ¼ 1675 mA g�1) between 1.0 and

3.0 V are presented in Fig. 4b. The discharge curves show two

plateaus, which can be assigned to the two step reaction of S with

Li during the discharge process, as demonstrated in CV

measurement.8,10,13,19,20,26,31,36,38,47,60 Further cycling tests show

that the electrode prepared from the porous CNF–S nano-

composite with 42 wt% S also exhibits stable cycling for at least

30 cycles and rate capability up to at least 0.2 C. Fig. 4c illustrates

the stable cycling of a coin cell at 0.05 C after the initial two

cycles’ activation process at 0.02 C. The initial activation cycles

at low rates can achieve improved reversibility, as indicated in the

cyclic voltammograms, and help the Li/S cells approach the

maximum sulfur utilization. The porous CNF–S nanocomposite

electrode can deliver a discharge capacity of about 1439 mA h g�1

at the first cycle at 0.05 C, with a corresponding coulombic

efficiency of about 100%. After the initial cycles, the porous

CNF–S nanocomposite electrode displays electrochemical

reversibility with a discharge capacity of 1396 mA h g�1 at the 2nd

cycle at 0.05 C. Even at the 30th cycle at 0.05 C, the reversible

capacity remains at about 1220 mA h g�1, indicating about 85%

capacity retention. In addition, the coulombic efficiency can be

maintained in the range of 97–98%. The reversibility indicates

that porous CNF materials can provide an effective electron

conduction path and their network-like structure forms a stable

structure for the S electrode.

In another experiment, a Li/S coin cell was operated at a higher

rate of 0.1 C after the initial activation processes at a low rate of

0.02C (Fig. 4d).Although thedischarge capacity decreased to about

1146 mA h g1 upon the initial cycling at 0.1 C, the capacity then

remained constant at about 1057 mA h g�1 for 20 cycles (92%

capacity retention). We attribute the significantly enhanced elec-

trochemical performance to the specially designed nanostructure

which comes from our unique chemical reaction–deposition

strategy. These special reaction systems can provide a distinctive

microenvironment for the formation of non-aggregated and

uniform S nanoparticles,57 which are directly deposited on porous

CNFs in the subsequent chemical reactions (including various kinds

of pore volumes and also the surface). The highly dispersed S in the

porous CNF–S nanocomposite can successfully accommodate the

volume change associated with the Li/S electrochemical reactions.

The large specific surfaceareaand theuniformmesoporous channels

in the nanocomposite can restrict the diffusion of the polysulfides

during the discharge/charge process. In addition, the chemical

reaction–deposition strategy provides assuredly intimate contact

between the S and theCNFs (thiswould be impossible for the simple

ball milling and thermal treatment processes). The intimate contact

of the nano-dispersed S within the porous CNFs ensures a good

electrical path to the active S and improves the S utilization.

The rate capability of our porous CNF–S electrode is

demonstrated in Fig. 4e and f. The reversible capacity at a low

rate of 0.05 C is about 1400 mA h g�1 after the initial discharge

process at 0.02 C. This coin cell shows a reversible capacity of

987 mA h g�1 at a rate of 0.2 C (335 mA g�1) after being

continuously cycled for 30 cycles at various rates, owing to the

good electrical conductivity of the porous CNFs as a matrix for

the insulating S.8,10,13,19,20,26,31,36,38,47,60
Energy Environ. Sci., 2011, 4, 5053–5059 | 5057
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Fig. 5 SEM images of a porous CNF–S nanocomposite electrode after

30 charge/discharge cycles at a constant rate of 0.05 C.
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The electrochemical performance of the porous CNF–S

nanocomposite electrodes with higher S contents was also

explored. The CV curve of the porous CNF–S nanocomposite

with 60 wt% S shows that the higher S content samples have

a small reduction peak position shift after the first cycle (at�1.75

V and 2.35 V). There is also one anodic peak at about 2.60 V,

shifting slightly to lower voltage with increase in cycle number,

although the shape is nearly the same as that for the first cycle

(Fig. S8a†). These differences compared with the results for the

porous CNF–S nanocomposite with lower S content (42 wt%)

can be ascribed to the lower S utilization and reduced revers-

ibility of the porous CNF–S nanocomposite electrodes with

higher S content. The nanocomposite with 60 wt% S had an

initial discharge capacity of 1125 mA h g�1 at 0.05 C after the two

cycle activation process at 0.02 C (see initial two cycles’

discharge/charge profiles at 0.02 C in Fig. S8b†). This value

decreases to 709 mA h g�1 after 30 cycles (63% capacity retention)

(Fig. S8c†). In addition, these porous CNF–S nanocomposite

electrodes also have high reversible capacity and relatively stable

cycling for at least 30 cycles at higher rates, as shown in Fig. S8d

and e†. For the porous CNF–S nanocomposite with 76 wt% S

(the samples before thermal treatment), the utilization of the S is

much lower (Fig. S9†). This may be caused by the full saturation

of the micropores with S in the porous CNFs, which may prevent

good access by both the electrolyte and electrons.7,10 Therefore,

the high dispersion of elemental S inside the narrow micropores

of CNFs is critical for achieving the high rate discharge capa-

bility of the S electrode.

Importantly, the narrow micropores of the CNFs can trap

elemental S and Li polysulfides during cycling due to their

strong adsorption, preventing the shuttle mechanism, mass loss

of the active materials and the formation of a Li2S insulating

layer on the composite surface. The fact that the electrochemical

reaction can be constrained mainly to the insides of the narrow

micropores is responsible for the enhancement of the improved

electrochemical stability of the S electrode. In addition to the

above-mentioned advantages, these porous CNF–S nano-

composites can also provide intimate electrical contact, and

decrease the transport distances of both Li ions and electrons,

while greatly increasing their transport rates. Therefore, the

high dispersion of elemental S inside the narrow micropores of

CNFs (which comes from our unique chemical reaction–depo-

sition method) is beneficial to improvement of the discharge

capacity and capacity retention in the S electrode by enhance-

ment of electrical contact and retention of Li polysulfides. In

addition, as was previously reported, the selection of a suitable

electrolyte is also indispensable in the successful utilization of

the active material in Li/S cells because of the multi-step

reduction reactions of S and the variations in the solubility of

the different polysulfides in the electrolyte.10,36,39,40,60 The elec-

trolyte should satisfy a number of requirements such as high

ionic conductivity, low polysulfide solubility, low viscosity,

electrochemical stability, chemical stability towards Li and

safety. In our experiments, an ionic liquid-based electrolyte

PYR14TFSI-LiTFSI-PEGDME mixture was used. This elec-

trolyte has suitable viscosity, chemical stability and ionic

conductivity.8,36,37 It also can reduce the solubility of poly-

sulfides in the electrolyte, maintain a more stable capacity and

improve rate performance.
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To demonstrate the role of CNFs as a strong mechanical

framework to maintain electrode integrity, we also explored the

morphology and structural changes of the porous CNF–S elec-

trodes after repeated Li insertion/extraction. The coin cell elec-

trochemically evaluated at 0.05 C for 30 cycles was disassembled

and characterized by SEM. The results are displayed in Fig. 5.

Comparing Fig. 2e and f before cycling to Fig. 5, it was found

that the original porous nanofibrous morphology and structure

clearly were retained after cycling.

In conclusion, we have prepared porous CNF–S nano-

composites in a controllable fashion through simple and conve-

nient carbonization of electrospun PAN/PMMA bi-component

nanofibers and the subsequent chemical reaction–deposition

strategy. These porous CNF–S nanocomposites were used as

electrodes for rechargeable Li/S cells to evaluate their electro-

chemical performance. The results show that the highly elec-

tronically conductive porous CNFs provide an extremely high

surface area to adsorb and disperse S and ameliorate its disad-

vantages, such as the insulating nature of S and the solubility of

polysulfide intermediates in organic solvent based electrolytes.

The porous CNF–S nanocomposite with 42 wt% S can deliver

nearly 1400 mA h g�1 initial discharge capacity at the 0.05 C rate,

with 85% capacity retention after 30 discharge/charge cycles,

reflecting a relatively stable reversible capacity and improved

capacity retention. In addition, when measured at higher rates,

the nanocomposite electrode also exhibits clearly improved

cyclability (1057 mA h g�1 after 20 cycles at 0.1 C) and rate

capability (987 mA h g�1 at 0.2 C after 30 cycles at various rates).

It should be noted that the experimental conditions, such as the

ratios of PAN and PMMA phases and their types in the elec-

trospinning, the thermal treatment temperatures, etc., can be

optimized in order to improve the surface areas and the pore

volumes of the as-prepared porous CNFs and so to control the S

loading and the final S utilizations in porous CNF–S composites

to further improve electrochemical performance when used as

electrodes in Li/S cells.
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